Introduction
Recent developments in surface science techniques have provided us atomic scale surface images and confirmed our understanding of the surface phenomena based on the atom and molecular levels. The modern surface science is based on three techniques, signals, polarization-modulated RAIRS(PM-PARIS) are adopted because adsorbate vibrational mode only absorbs the p-polarized light while gas phase can absorb both polarizations. SFG(Sum frequence generation) is a more surface sensitive technique because SFG signal only arises from the surface region where the inversion center is lacking. Ruppenrechter et al. studied CO, CH 3 OH, CH 4 oxidation reaction under the ambient pressure by PM-PARIS and SFG [11] [12] [13] The x-ray diffraction, scattering and absorption can give the structure information.
However, X-ray can penetrate deeply into the material and is not usually surface sensitive.
When the flat surface is used and the X-ray hits the surface in a grazing angle or with the incident angle less than the critical angle, c δ (normally 10 mrad), the total refection of X-ray occurs. In this case the X-ray can not penetrate deeply into the bulk of the material (penetration depth <a few nm) and X-ray becomes surface sensitive. [14] Thus the grazing angle X-ray diffraction gives the surface lattice structure more precisely than LEED(Low energy electron diffraction) because the latter technique is suffered from the multiple scattering. The relaxation of TiO 2 (110) surface was determined by the surface X-ray diffraction techniques. [15; 16] The bridging oxygen and 5-fold Ti are relaxed upwards by 0.010 nm and downward by 0.011nm, respectively. [16] I will discuss the polarization dependent total reflection fluorescence X-ray absorption fine structure spectroscopy(PTRF-XAFS) method which is suitable for the structure analysis of metal species highly dispersed on the flat substrate in the next section. [17] [18] [19] The other way to overcome the second difficulty is to reduce the distance between the sample and electron analyzer and to use the electron lens. Fig. 2 shows the schematic drawing of the ambient XPS. [20] Photoelectron excited by the x-ray goes into the XPS instrument.
The electron lenses placed before the energy analyzer collect the ejected electron to focal points. Pin holes are put on these focal points so that the differential pumping becomes possible before and after the pin holes without the loss of photoelectron.
Consequently the pressure around the sample can be kept at high pressure (> 1mbar) while XPS analyzer system is under high vacuum. [21] [22] [23] [24] [25] Atop CO was observed at 286.6 eV in the presence of 1 mbar CO by the ambient XPS which was never observed under the high vacuum. [26] The desorption angle and translational energy analysis of the reaction products can give us the reaction site information if the product suffers repulsive interaction from the surface Nakao and Kunimori have revealed that CO oxidation reaction on Pd(111) goes with a side on collision at high temperature while it occurs in a rather straight manner at low temperature. In the off-normal direction, the rotational mode is rather excited but the bending mode excitation becomes less. (Fig 3(c) ) The CO 2 just before the desorption is bound to surface through two bonds at O and C(O) If the O -substrate bond is first cleaved, the rotationally excited CO 2 is desorbed in the off-normal direction. On the other hand if C(O)-substrate bond is cleaved first the CO 2 is desorbed with the bending mode highly excited.
To fill the material gap
The largest difference in the real systems from the single crystal surfaces can be found in the supported metal catalysts. The real system is composed of nanoclusters with different surface structures involving the corners and the steps supported on the porous inorganic oxide while the single crystal system is basically flat. The periodic steps and kinks can be made on the single crystal surfaces but the nanoscale particle size tremendously affects the catalyses as is found in Au nanoparticles. [35] The deposition of the metal on the flat metal oxide surface gives the model supported metal system. When the oxide surface has an electric conductivity, the STM (Scanning tunneling microscopy) is available to provide the size and morphology of nanoparticles deposited on the surface. But many oxides, such as MgO, When Ni is deposited on the TiO 2 (110) surface, the surface Ni clusters with a certain size is produced at lower coverage(0.03ML) as shown in Fig. 4 and then the number of the Ni clusters increases with the further deposition of Ni. We call such a growth mode of Ni on TiO 2 (110) as a self-regulated growth mode. [55] The interaction between Ni clusters and TiO 2 (110) surface may stabilize the cluster with a definite size and may cause such a self-regulated growth mode. However, the atomic scale information about the interaction between Ni cluster and the substrate is lacking in the STM observation. The X-ray absorption fine structure(XAFS) spectroscopy gives the structure information around the X-ray absorbing atom. [56] XAFS intensity has X-ray polarization dependence. When the angle between x-ray electric vector and bond direction is θ, XAFS intensity is proportional to . When the metal particles are deposited on the flat oxide substrate system and the polarization direction is set at the parallel to the oxide surface, the XAFS signal of the deposited metal is dominated by the metal-metal interaction as shown in Fig. 4b . When it is set at the normal to the surface, the metal-substrate structure is mainly elucidated as shown in 110) surface which stabilize the surface cluster structure. Such interaction between metal cluster and protruding oxygen atoms was found in a Cu cluster on the TiO 2 (110) surface. [60] The TPRF-XAFS can provide the information about the structure change during the reaction because X-ray can go through the gas phase reactant. Mo dimer is created on the TiO 2 (110) surface and catalyzed the CH 3 OH oxidation reaction. [17; 61-65] In situ TPRF-XAFS under the oxidation reaction reveals that the reaction takes place in the Mars-van Krevelen mechanism where the Mo dimer structure is broken by the reaction with CH 3 OH and is regenerated after the oxidation process as shown in Fig. 5. 4. Future aspect of surface science in catalysis-synthesis of highly active structure and artificial control of the surface reaction.
The flat substrate has a merit for easy characterization and easy control of preparation.
The above development of surface sciences has made it possible to carry out the surface in situ characterization under the reaction conditions. The demerit of the flat surface might be the low surface area and the low activity. But if one can precisely synthesize the surface species with a very high activity, it will be the most efficient catalyst. Hara et al. prepared a well-defined Pd complex on the Si (111) surface linked with bisoxazoline molecule and demonstrated the possibility to synthesize the highly active species on the flat surface. [66] [67] [68] The small Si tip(5x5mm 2 ) with the Pd complex converted benzyl alcohols to benzyl aldehyde by gas phase oxygen with nearly 100 % conversion and TON=410,000. Lithographic techniques which have succeeded in the fabrication of electronic devices can be applied to surface science preparation of well-defined inhomogeneous surfaces. 
Conclusions
In summary, surface science is not only dedicated to the ideal model systems which create and demonstrate catalytically important concepts but also provide a new way to prepare a well defined and highly active structure as well as an artificial way to control the surface reaction. Surface science has reached a new stage not only to determine the surface structure, electronic properties and reaction mechanism but to synthesize the highly active surface catalyst molecule and to control the catalytic reaction artificially. In this purpose, surface science will make progress in the cooperation with fine chemical syntheses, semiconductor device fabrication methods, laser and molecular beam technologies and colloidal chemistry as well as the improvement of its original methods.
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